In this paper, the current distribution in a 300-W-class PEMFC stack was investigated in order to determine the operating state of the stack. Measurements of the magnetic field were performed on several cells in the stack. The vector of the magnetic field expressed the direction of the macroscopic current, which was from the anode side to the cathode side. This direction matched the polarity of the stack. In the measurement results, current distributions differed among cells; each cell had a different performance. Furthermore, we have tried to evaluate faults, such as flooding, by measuring the magnetic field and variations in the voltage.
Introduction
The use of fuel cells is expected to mitigate environmental problems such as exhaustion of fossil fuels and greenhouse gas emissions. One type of fuel cell, the proton-exchange membrane fuel cell (PEMFC), has low operation temperature and exhibits rapid start-up; therefore, it is used in not only co-generation systems [1] but also fuel cell vehicles (FCVs) [2] . The widespread commercialization of PEMFC stacks depends on their reliability and fault diagnosis. The requirements for PEMFC lifetime according to the US Department of Energy (DOE) are 5000 h for vehicles and 40,000 h for stationary applications. PEMFC stacks are currently unable to achieve these lifetimes [3] .
Many diagnostic methods have been developed for PEMFCs. The current distribution in a stack is essential for determining the operating conditions of the stack. Conditions such as partial gas pressure, operating temper-ature, and humidity are not uniform among different cells. Some current distribution measurement methods have been developed using the segmented cell. Cleghorn et al. proposed the method [4] . Ghosh et al. constructed the passive network in PEMFC using the segmented bipolar plates (BP) [5] . Wieser et al. used the Hall sensors for the method [6] . Alaefour et al. demonstrated the relationship between the current distributions and the operations conditions using the print circuit board (PCB), segmented BP and current collector [7] [8] . However, this method has disadvantages of complexity, cost, and inaccuracy. Further, the passive resistor network, the PCB, and the Hall sensors must be embedded in the cells, and electric contact must be established.
In order to solve these problems, non-destructive, in-situ approaches have been developed. Some of these methods involve visualizing water transport in PEMFCs. Water in fuel cells has been visualized using soft X-ray radiography [9] and magnetic resonance imaging [10] . However, these methods are difficult to apply to PEMFC stacks because of the bulky equipment required. The measurement of current distribution in cells using magnetic sensors investigated. Hauer et al. proposed the non-destructives measurement method using the magnetic sensors [11] . Izumi et al. have enabled the mapping of current distribution in a single cell using simple equipment [12] . Katou et al. expected the current distribution using the magnetic-impedance sensor and 3 dimensional inverse problem FEM [13] . Nonetheless, these methods cannot be applied to a fuel cell stack. Additionally, these studies have not clarified the relationship between current distribution and cell performance. Therefore, it is important to evaluate this relationship in a stack using the non-destructive method.
We developed the measurement of current distribution in a stack using a tri-axial magnetic sensor probe inserted into cooling holes. This method has advantages of being non-destructive and enabling non-contact measurement. In the past, the Nexa Power module 1.2-kW PEMFC stack under the steady state has been evaluated [14] [15] . In this study, current distribution was investigated to determine the operating state of a 300-W-class PEMFC stack using a new tri-axial magnetic sensor probe. Furthermore, we have tried to evaluate faults, such as flooding and the others by measuring the magnetic field and variations in voltage.
Experimental PEMFC Set up and Operating Conditions
All experiments were performed using an air-cooled 300-W-class PEMFC stack. The fuel cell system is shown in Figure 1 . Hydrogen (>99.99%) was supplied to the anode without humidification at 100 kPa in a dead-end mode and purged every 10 minutes. Dry air was supplied to the cathode, and the flow rate was measured using a digital flow meter. The stack comprised 20 cells connected in series, and the cells were numbered 1 -20 starting from the side of the hydrogen inlet. A 330-kW DC electric load (Kikusui: PLZ334W) was used for all experiments aimed at evaluating the fuel cell stack performance. The stack was operated at a constant current, and the cell voltages were measured using a data logger (HIOKI: 8422-50).
In this study, stack current I was 10 A in the steady state. The supplied air flow rates were 20, 18, 16, 14, 12, 10, and 9 L/min. The operating temperature of the fan was 35˚C. The ambient temperature was 25˚C ± 1˚C. The relative humidity was 40% ± 3%.
Methodology

Current Distribution Measurements
Magnetic fields were measured by inserting the magnetic sensor into the cooling holes of the stack. Figure 2 shows a schematic diagram of the magnetic field measurement device and the picture of the magnetic sensor probe. The magnetic sensor was a tri-axis electronic compass (Aichi Micro Intelligent: AMI306). This sensor has dimensions of 2.0 × 2.0 × 1.0 mm and was embedded with MI sensors. Each sensor outputs the magnetic flux density of the corresponding axis. Output values were recorded on a PC through the I2C interface.
The electric current generated by the PEMFC produces a magnetic field by the Biot-Savart law. Reference axes were set for the current distribution measurements. The x-axis was the cell width, the y-axis was the cell height, and the z-axis was perpendicular to the cell surface. The x, y component of magnetic flux density was corresponded the stack current by the law. Additionally, the z component was explained the current parallel to the surface of the cell by the fault such as flooding.
The measurement device outputs the x, y, and z components of the magnetic flux density: B x , B y , and B z , respectively. The following x and y components of the current were used: 
where i xn and i yn [A] denote the x and y components, respectively, of the current density at n A; α x and α y denote the magnetic field response values for the current; B xn and B yn [G] denote the x and y components, respectively, of the magnetic flux density at n A; and B x0 and B y0 [G] denote the x and y components, respectively, of the magnetic flux density at 0 A, which are used for removing the effects of geomagnetism and the earth's magnetic field of environment. ] denotes the target area of measurement. However, the sum of i jn for the entire cell may not be equals to the stack current I. Therefore, we revised the expression such that the sum of the current density for the whole cell is equals to the stack current I as follows: .
where yn i′ [A/cm 2 ] denotes the revised current density at n A; xn i′ and yn i′ [A] denote the x and y components, respectively, of the revised current density at n A; and k denotes the number of divisions of the target area for measurement.
The cell area was segmented into 15 parts for calculation, and the measuring points of each cell were set at 15 grid points. Therefore, k = 15 in Equation (5). The measured points were (x, y) = (9, 9), (9, 27), (9, 45) , (27, 9), (27, 27), (27, 45), (45, 9), (45, 27), (45, 45), (63, 9), (63, 27), (63, 45), (81, 9), (81, 27) and (81, 45). Here, (x, y) denotes position, with units of mm, on the cell surface. The cathode inlet and outlet is located at (x, y) = (9, 45) and (81, 9), respectively.
In order to measure the magnetic fields of cells all at once, the stack was installed in the downward inlet of fuels. The measured cells were cell No. 2, 6, 11, 15, and 20.
Evaluation Method of a Cell Fault
In order to evaluate the fault such as flooding, measured the z component of the magnetic field and variations in voltage have been used [14] .
The z component of magnetic flux density was evaluated to study the three-dimensional current. The z-axis was perpendicular to the surface of the cell. We used the z component of magnetic flux density as an index to explain the current parallel to the surface of the cell. The parallel current is likely arisen the fault such as flooding. The ratio between the value of the z component and the value of the xyz compound vector was calculated at each measurement point. This ratio is defined as follows: 
and the parallel current was relatively large when z B′ was large. The variation in the voltage was useful to identify the cell to arise the flooding. When the cell was flooding, the voltages undergo a change widely because the generated water disturbed the reaction of hydrogen and oxygen. In particular, this trend arises if the flow channel was plug up by the generated water. Figure 3 shows the average stack voltage at each air flow rate. The stack voltage decreased as the air flow rate decreased. These air flow rates sufficed the reaction with hydrogen. During these operations, the generated water was steady because the stack current was constant. Furthermore, the experiment started from the 20 L/min. Therefore, the reduction of voltage was attributed to reaction inhibition by the generated water on reactant surface. The cell voltage at 9 and 10 L/min was different however the stack voltage does not appear at Figure 3 . The reason was that the stack voltages were average values and the cell voltages undergo a change widely. Figure 4 shows vectors of magnetic flux density at 9 L/min. The direction of the vectors was anticlockwise when viewed from the cathode side. This indicates that the direction of the macroscopic current was from the anode side to the cathode side in the stack because of Ampere's law. This direction accorded with the polarity of the stack. In this manner, the macroscopic current in the stack was detected. At cells No. 6, 11, and 15, the values of the z components were smaller than those of the x and y components. In cells No. 2 and 20, the direction of the vectors is different from that in the other cells because they were affected by the end terminals of the stack. Furthermore, in cell No. 2, the values of the z components were larger than those of the x and y components at (x, y) = (81, 9). At the point (x, y) = (81, 9), the current was likely to avoid and flow parallel to the cell surface be- Figure 5 shows the current distribution directed toward the z-axis at 20 L/min. The each part of a current was calculated by the Equation (3). The maximum value of current density is 357.5 mA/cm 2 at (x, y) = (81, 27) in cell No. 20. The current distribution tended to be concentrated in the cells at each end of the stack because these cells were affected by the end terminals of the stack. However, current distributions of the cells were not uniform, because each cell exhibited different performance and condition. In the next section, the relationships among the current distributions, the magnetic flux densities, and the cell faults are evaluated. Figure 6 shows the distribution of z B′ on the each cell at 20 L/min. The parallel current increased with increasing z B′ . The cell No. 2 showed the largest z B′ than the other cells. The maximum value of z B′ was 0.75, and this occurred at (x, y) = (45, 27) on the center of cell No. 2. At this point, the current was likely to avoid and flow parallel to the cell surface because of the high electric resistance. Therefore, the current distributions in the center of cells were smaller than those at the other points. The second-highest value of z B′ was 0.31, occurred at (x, y) = (81, 9). At this point, current flow parallel to the cell surface was detected; this was also the case at (x, y) = (45, 27). However, the current distributions were not smaller at these points than at the other points. Therefore, it is considered that the results of the two points are derived from the different phenomena. B′ increases because of the high electric resistance by the produced water. Therefore, this point did not undergo flooding, and multiple problems of the stack were evaluated. The pressure of membrane might be unequal because the current density was small at this place.
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At the cathode inlet, (x, y) = (9, 45), z B′ was almost no variation with the air flow rates. In contrast, z B′ at the cathode outlet, (x, y) = (81, 9) increased with the air flow rate of 9 L/min. The cell voltages varied considerably in cell No. 2, as shown in Figure 9 . This cell was expected to undergo flooding because the stack was installed in the downward inlet of fuels. Therefore, the point (x, y) = (81, 9) had high electric resistance owing to flooding by the generated water.
Conclusions
In this study, the current distribution in a 300-W-class PEMFC stack was investigated using a tri-axis magnetic sensor probe. This measurement device has the advantages of being non-destructive and enabling non-contact measurements.
Through these measurements, we successfully detected the macroscopic current in the stack and observed that the current distribution is concentrated on both ends of the cell because they were affected by the end terminals of the stack.
Furthermore, we evaluated the fault by measuring the z component of the magnetic field, z B′ , and variations in the voltage. At the cathode outlet, (x, y) = (81, 9), z B′ was 0.31 when the air flow rate was 20 L/min. At this point, z B′ increased when the air flow rate was 9 L/min. In addition, the cell voltages varied considerably, and cell No. 2 was expected to undergo flooding because the stack was installed in the downward inlet of fuels. Therefore, the point (x, y) = (81, 9) had high resistance due to flooding.
From these results we can conclude that this non-destructive method, using the tri-axis magnetic sensor, can provide significant information about the current distribution and fault occurrences such as flooding in the PEMFC. This study has also shown that it is useful to detect the faults by in term as of the z-axis magnetic flux density and the cell voltage. This method has shown remarkable potential for the in-situ diagnostic applications.
